Numerical Simulation by CFD was carried out to understand the hot current behavior in a tunnel with longitudinal ventilation. It becomes clear that fire source modeling is very important because the hot current behavior is strongly affected by the fire source position and is sensitive to methods in the modeling of the fire source. The flame area which has developed from the fire source is an area of chemical reaction caused by combustion. Even if grids in the vicinity of the fire source are made fine, it was difficult to simulate the heat generation area with consideration to this chemical reaction through using a method for setting the heat release rate simply on the fire source surface. Therefore, we proposed a method adopting the knowledge on flame shape under the longitudinal ventilation and incorporating it into numerical simulation and it showed a good agreement with the experimental results. It was shown through experiments in a tunnel with longitudinal ventilation that the hot current developed toward the tunnel center downwind from the fire source near a wall. The cause was investigated by numerical simulation and it became clear from the results that the spiral air by the fire plume created a vortex in the crevice between the wall and the plume.
INTRODUCTION
Most of the studies on the flow behavior of fire plumes in a tunnel have been carried out by considering the spread of the hot currents under natural ventilation conditions on the assumption that the fire broke out at center of the tunnel in the sectional direction [1, 2] or at the center of the lane [3, 4] as well as the empirical formula describing the correlation between a longitudinal ventilated flow and a hot current. However, there has been little reporting on the hot currents in the case of the fire source being positioned near the wall. Two things were confirmed from the experiment carried out assuming that the fire broke out near the tunnel wall in the presence of longitudinal ventilation. One is that the position indicating the maximum temperature in the vicinity of the ceiling was shifted more downwind than that in the case of the fire source being placed at the center of the tunnel. The other is that the flame inclined toward the tunnel center downwind. Compared with the case of the fire source being placed at the center, when it is set near the wall it is feared that the specific hazard increases due to the expansion of the hot region downwind. Accordingly, the behavior of the hot currents in the case of the fire source being placed near the wall under longitudinal ventilation conditions was studied by carrying out a numerical simulation using CFD (Computational Fluid Dynamics). When investigating the hot currents in the proximity of the fire source using CFD, the fire source is modeled by setting the heat release rate as that on the fire source surface. However, it is difficult to reproduce the experiments in the area surrounding the fire source [5] . Due to the fact that in the hot current flow area subjected to the investigation in this paper, the flame inclined downwind because of the longitudinal ventilation, the heat release region was modeled using the empirical flame shape prediction formulae [5, 6] derived by the authors in place of the aforementioned modeling of the fire source in order to investigate and considered the reproducibility of the hot current behavior in the case of the fire source being placed near the wall under longitudinal ventilation. We proposed one method of CFD for improving the accuracy in reproducing experimental results even in the case of a little coarse grid surrounding the fire source. Figure 1 shows the schematic diagram of a 1/20 scale tunnel employed [7] . The dimensions of the tunnel are 0.6 m wide (X direction), 0.3 m high (Z direction) and 5.4 m (Y direction) long. An air flow was given uniformly in a longitudinal direction along the tunnel from its entrance on the air supply side. The ceiling and floor of the tunnel were made of steel plates with a thickness of 3 mm. The ceiling and the floor in the vicinity of the fire source is covered with heat insulating material made of ceramics fiber board with a thickness of 12.5 mm and this reduces heat loss. The side wall was made of fire resistant glass. The fire source was installed on the floor at a point 2.25 m away from the air supply opening of the entrance of the tunnel so that the position of fire source center could be b/8 (0.075 m: in the case of the fire source being placed near the wall) and b/2 (0.3 m: in the case of the fire source being placed at the center) away from the wall. Two different sizes of 0.1 m x 0.1 m for a square fire source and 0.3 m x 0.1 m for a rectangular fire source were established. The heat release rate was set at 0.4-18 kW and the ventilation velocity was set at 0-0.8 m/s. The burning time for the propane gas, which is employed as a fuel, was about 10 minutes. The experiments were carried out in 100 cases in all [5, 8] . The temperature in the vicinity of the ceiling was measured at intervals of 2 sec using the thermocouples which were suspended in two lines in a position 10 mm under the ceiling, shown in 
EXPERIMENT OUTLINE

EXPERIMENTAL RESULTS
Investigations into the temperature profile in the vicinity of the ceiling were carried out using the temperature data obtained under longitudinal ventilation conditions. 
Temperature Profile in an Axial Direction along the Tunnel
A comparison of differences in the temperature profile due to the position of the fire source under longitudinal conditions is shown in Fig. 2 . The maximum temperature appears at the position of r/H=1.5 due to the flame inclined by the forced ventilation. It was made clear that in the case of the fire source being placed near the wall the temperature of the ceiling at the center of the tunnel was higher than that of the ceiling along the central axis of the fire source at a location about 1m away downwind from the center of the fire source. It was also confirmed that the temperatures at the axes of b/2 and b/8 were distributed to a higher degree than those in the case of the fire source being placed at the tunnel center. It is thought that when the fire source was placed near the wall, with the shifting of the hot current to the downwind side, the hot region spread toward the tunnel center. This can be said from the observation of the fact that the flame inclined toward the tunnel center. 
NUMERICAL SIMULATION
The CFD code used in this study was the Fire Dynamics Simulator (referred to as the FDS [9] ) developed by National Institute of Standard and Technology (NIST). Table 1 explains the conditions used for the simulation. The simulation was carried out in the case of the ventilation wind velocity being considerably low, namely 0.3 m/s. The simulation was continued over 5 minutes by distributing the initial velocity and temperature uniformly to the computation cells in the tunnel. In this study, the wall was insulated in the same manner as that in the experiments. In order to notice similar phenomena in the area surrounding the fire source, as for the boundary conditions, the velocity component in y-direction on the air supply side was uniformly fixed at 0.3 m/s and on the opposite opening side the atmospheric pressure was set to be constant. The physical constants were determined with reference to the previous paper [10] and the same conditions as those for the experiments were given to the fire source. With regard to the lattice partitioning using an LES model, analyses should generally be carried out using an isotropic lattice. However, in the tunnel space the partitioning number of the lattice increases in a longitudinal direction. Therefore, in the computation the partitioning number of the lattice was established by reducing it in a range where analysis accuracy was not lowered based on the lattice partitioning described in the previous paper [5] . 
Computation Conditions
(a) When setting the velocity component of the virtual cell at UU and the velocity component of the cell opposite to the virtual cell with the boundary between at U, UU=1/2U.(under the condition that both UU and U are in parallel with the boundary)
Investigation of Establishment of Fire Source
Temperature Properties in the case of Centralized Fire Source
In general, when modeling the fire source in a simulation, an amount of fuel corresponding to the required heat release rate is supplied to the fire source surface (hereafter referred to as the centralized fire source). Figure 4 illustrates the result obtained from an actual measurement of the fire source section (b/8) in the case of the fire source being placed near the wall (b/8) and the simulation result. The position indicating the maximum temperature rise as a result of the actual measurement was discernible at Y=1H, but the computation result for the maximum temperature of the centralized fire source was seen at Y≒ 0.2H. It is thought that this was because the inclination of the gas which had not ignited yet due to the longitudinal ventilation was not accurately simulated. In this respect, fire source models need to be improved. When establishing the fire source using a method in which the computation lattice in the vicinity of the fire source is partitioned into sections, the computation time increases. Accordingly, in order to simulate the temperature properties near the ceiling with the ordinary grid size used in this study, a simple prediction method in which the empirical formulae for flame shape prediction proposed by Kurioka [5] and Oka [6] was employed. 
Simple Prediction Method using Empirical Flame Shape Prediction Formulae
Due to the fact that the area subjected to the simulation is composed of rectangular meshes, it is necessary to make rectangular models using the flame shape computed by the empirical formulae for flame shape [5, 6] and to distribute the amount of fuel corresponding to the required heat release rate to each rectangular element. Figure 5 shows the flow chart for the simple prediction method using the empirical formulae for flame shape. Equations 1-8 are empirical flame shape prediction formulae. Equation 5 and Eq. 7 are used in the case of the flame reaching the ceiling. Further, Eq. 6 and Eq.8 are used in the case of the flame failing to reach the ceiling. Table 2 [5] shows the coefficients for three regions classified according to the range of maximum rise in temperature( max T ∆ ) in the vicinity of the ceiling. The empirical flame shape prediction formulae were applicable to the tunnel space having the rectangular cross-section in a range of 1/3-1/1 for the aspect ratio under longitudinal ventilation conditions. These empirical formulae were obtained based on the experimental results carried out in the case of the fire source being placed at the center of a sectional direction of the tunnel. Figure 6 shows the variables used in the empirical flame shape formulae. As for the flame region defined by the empirical formulae for flame shape, the continuous flame region and intermittent flame region were modeled. In this paper, a region in which the temperature rose over 550 K was regarded as a chemical reaction region and a rectangular model of this heat release region was made. Through utilizing the relationship [5] between the fire plume breadth and the rise in temperature which was classified into a range where the temperature rose from the continuous flame region to the fire plume region, the boundary limits of the heat release region were obtained. Furthermore, with consideration to the fact that the region in which the chemical reaction finishes corresponds to the position indicating the maximum flame breadth (L Bmax ), the L Bmax was employed for the length of the heat release region. In the simulation, on the assumption that the heat release region is a cone composed of the fire source and the maximum flame breadth (B max ) as shown in Fig. 6 , the heat release region was modeled by partitioning it into rectangular sections according to the rectangular mesh in the simulation region, Due to this, in this study the direction of the maximum flame breadth was established to be horizontal according to the rectangular mesh. The fuel was distributed to each section of the rectangular model using Eq. 9. (1) (in case of the flame failing to reach the ceiling)
The cone which is composed of the fire source and the maximum flame breadth (B max ) is assumed as a heat release region.
The maximum temperature rise ( max T ∆ ) near the ceiling is computed using Eq. 1.
Parameters α 2, α 3, β 2, β 3, and η are determined using max T ∆ and the data in Table 4 .
The position indicating the maximum temperature rise (L), flame inclination angle(θ ) and virtual flame starting point on the floor (X 1 ) are computed using Eq. 2-Eq. 4.
The maximum flame breadth (B max ) and the position indicating the maximum flame breadth (L Bmax ) are computed using Eq. 5-Eq. 8.
The fuel amount corresponding to the heat release rate of each element for the rectangular model is computed using Eq. 9.
Computation of the trajectory of the flame is carried out assuming that it is a circular arc. The circular arc is in contact with a straight line passing though both the virtual flame starting point on the floor and the position indicating the maximum temperature rise, and the floor (a straight line).
A point on the circular arc which is L Bmax away from the center of the fire source is computed.
The cone assumed as a heat release region is partitioned according to the rectangular mesh in the simulation region to make a rectangular model. The direction of the maximum flame breadth is parallel with the rectangular mesh.
the flame reaching the ceiling(
the flame failing to reach the ceiling (
(in case of the flame reaching the ceiling) 
Establishment of Fire Source using Simple Prediction Method
The computation (simple prediction)-1 in Fig. 4 shows the results of the simulation carried out using the simple prediction method for the establishment of the fire source in the case of the fire source being placed near the wall (b/8). In the simulation, the position indicating the maximum temperature rise was seen at a point closer to the fire source than that obtained from the experiments. It is thought that this was caused by the fact that the empirical formulae for flame shape were derived from experiments in the case of the fire source being placed at the center in a sectional direction of the tunnel and that the flame shape in the case of the fire source being placed near the wall was different. Accordingly, the values of the flame inclination angle (θ ), the maximum flame breadth (B max ) and the position indicating the maximum flame breadth (L Bmax ) were taken from the measurement results in the case of the fire source being placed near the wall. The computation (simple prediction)-2 in Fig. 4 shows the results obtained by carrying out computations again based on these values.
The aforementioned modification resulted in obtaining the position indicating the rise to the maximum temperature as well as the temperature properties in other regions which was approximate to the actual measurement results. Figure 7 illustrates the actual measurement result and the result by the simple prediction method simulation in the case of the fire source being placed at the center (b/2) in a sectional direction of the tunnel. The computational result showed a good agreement with the actual measurement result. 
EXPERIMENT RESULTS OF FIRE PERFORMANCE Air Current Behavior
It was confirmed in the fire experiments carried out when the fire source was placed near the wall that with the spread of the flame which inclined due to the longitudinal ventilation toward a downwind side, the flame leaned toward the tunnel center away from the wall. So, the air current behavior in the tunnel section in the case of the fire source being placed near the wall (b/8) is examined from the results of the CFD simulation using the empirical formulae for flame shape. Figure 8 shows the behavior of the air flowing in a crevice section (b/15) between the fire source and the wall in the vertical section in a longitudinal direction. Air vortexes are generated at the space between Y1(Y=0.5H) and Y2(Y=1H) on the downwind side of the fire source. Figures 9 and 10 show the air current behavior in the vertical section in a sectional direction at Y1 and Y2 shown in Fig. 8 .
It is confirmed from Fig. 9 that the ascending air current flowing toward the ceiling is the main current and that at the lower part close to the wall (part B) an air vortex is generated due to the spiral air current. At the central part (part C), an air vortex which is thought to be generated by the fire plumes is also confirmed. Figure 10 shows that a vortex generated near the wall (part D) becomes a spiral air current which develops in fire plumes and that as a result the center of the vortex generated at the central part (part E) lies a little toward the center in a sectional direction. It is thought that this is so because the spiral air current directs the fire plumes toward the tunnel center. It is also thought that the fire plume induced spiraling air which became a 3-dimensional air vortex (in horizontal and vertical directions) spread in the crevice between the fire plumes and the wall and created the phenomenon where the flame inclined toward the tunnel center on the downwind side. Figure 11 and Fig. 12 show the temperature rise profile on the fire source section in the longitudinal direction (Y-Z section) both in the case of the fire source being placed near the wall (b/8) and in the case of it being placed at the center. The high temperature layer (A layer in which the temperature rises to 40 K or more is defined as a high temperature layer in this paper.) became thicker in a range of r ≥ 3H than in the case of the fire source being placed near the wall. In order to investigate the cause, the mass flow rate caused by the velocity component (U) in the sectional direction and by the velocity component (W) in a vertical direction is shown in Fig. 13 . Figure 14 shows the mass flow rate caused by the velocity component (V) in a longitudinal direction. The values for the mass flow rate were obtained from the high temperature layer of the tunnel section in a sectional direction (X-Z). Figure 13 shows that in the vicinity of the position indicating the rise to the maximum temperature (Y=1H), the mass flow rate was high due to a great amount of spiraling air caused by the fire plumes both in the case of the fire source being placed near the wall and in the case of it being placed at the center. Moreover, the mass flow rate in the case of the fire source being placed at the center was higher than that in the case of the fire source being placed near the wall. However, it is clear that in the region of Y>2H, the mass flow rate caused by U and W for the velocity component was low. On the other hand, it is clarified in Fig. 14 that the mass flow rate caused by the velocity component (V) in the longitudinal direction in the case of the fire source being placed at the center was higher than that in the case of the fire source being placed near the wall. In the region of Y>2H, the mass flow rates in both cases became almost constant. With consideration to these phenomena, it is deduced that regardless of the position of the fire source the mass flow rate of the spiral air current induced by the fire plumes in the space between the fire source and the ceiling has a great effect upon the high temperature layer. In the case of the fire source being placed near the wall, the amount of spiraling air when the fire plumes extended was smaller than the amount in the case of the fire source being placed at the center. Therefore, it is thought that the buoyancy of the high temperature layer was preserved and that the high temperature layer became not as thick on the downwind side as in the case of the fire source being placed at the center. On the other hand, it is also thought that in the case of the fire source being placed at the center, due to the fact that the amount of the fire plume induced spiraling air conveyed toward the high temperature layer at the upper part of the tunnel increased, the high temperature layer in the vicinity of the ceiling became thick because of the heat of dilution.
Behavior of Temperature
CONCLUSIONS
From the comparison between the experimental results and the computational results, the following conclusions were obtained.
• The position indicating the maximum temperature rise under longitudinal ventilation conditions when the position of the fire source was shifted to a place near the wall was more discernible on the downwind side than when the fire source was placed at the center. There was a tendency in which the high temperature region was directed toward the center.
• When substituting a rectangular model for the heat release region using the simple prediction method with the empirical formulae for flame shape in the case of the fire source being placed at the center under longitudinal ventilation conditions, the computation results agreed quite well with the measured results.
• In the case of the fire source being placed near the wall under longitudinal ventilation conditions, the position indicating the maximum temperature rise obtained from the simple prediction method using the empirical formulae for flame shape was seen at a point nearer to the fire source than that obtained from the measured results. When substituting a rectangular model for the flame shape obtained from the measurement values, it was confirmed that the computation results agreed with the measured results to a high degree. When carrying out computational work using the simple prediction method in future, a simple model for predicting flame shape in the case of the fire source being placed near the wall will be necessary.
• When the fire source is placed near the wall under longitudinal ventilation conditions, the hot air current flows toward the downwind center. It is thought that this is so because the fire plume induced air current generated a vortex in the space between the wall and the fire plumes.
• The amount of spiraling air in case of the fire source being placed near the wall is smaller than the amount of spiraling air in the case of the fire source being placed at the center under longitudinal ventilation conditions. Accordingly, the high temperature layer at the upper part of the tunnel is preserved on the downwind side. This is thought to exert great effects on the surrounding space. Furthermore, when the fire source is placed at the center, the high temperature layer becomes thicker on the downwind side than when the fire source is placed near the wall. With regard to this, it is recommended that serious consideration be given to planning for evacuation and rescue activities.
